Tyrosine kinase receptors play a key role in the communication of cells with their environment. Growth hormone receptors, such as insulin receptors, are involved in the regulation of cell growth, differentiation and metabolism in multicellular organisms. Insulin-related peptides and members of the insulin receptor subfamily have been described in a wide variety of invertebrates, including freshwater molluscs. In this paper, we describe the metabolic effect of insulin on a mollusc cell line (Bge) derived from embryos of the snail Biomphalaria glabrata. Using a PCR strategy, we have cloned from Bge cells a cDNA encoding a protein (BgIR) homologous to, and exhibiting all of the typical features of insulin receptors. Northern blot analysis confirmed the expression of BgIR in B. glabrata snails and suggested its wide distribution in the snail body. Bge cells have been shown to provide the environmental conditions necessary for the in vitro development of the sporocysts of Schistosoma mansoni, a trematode parasite that uses B. glabrata as an intermediate host. The possible implication of BgIR in the activating and proliferating processes observed in Bge cells during their coculture with S. mansoni larvae is discussed. ß
Introduction
Insulin-related peptides (IRPs) are present in a wide variety of invertebrates. In insect and mollusc species, there is evidence that insulin peptides play, as in vertebrate organisms, a major role in development and metabolism. For example, human insulin has been shown to stimulate proliferation and di¡er-entiation of Drosophila embryonic neural cells [1] and to regulate trehalose and glucose levels in blow£ies [2] . In the mollusc Haliotis tuberculata, insulin promotes the growth of primary cultures of hemocytes [3] . Structural data are now available for insect IRPs (bombyxins of Bombyx mori [4] and LIRP of Locusta migratoria [5] and for molluscan insulin-like peptides (MIPs). Five members (I, II, III, V and VII) of the MIP family have been characterized from the pulmonate snail Lymnaea stagnalis [6^10]. The peptides are essentially produced by neuroendocrine cells of the central nervous system (CNS), the light green cells (LGC) that are involved in body growth and metabolism of the mollusc [11] . More recently, a tyrosine kinase protein homologous to mammalian insulin receptors (IRs) has been cloned that potentially represents the receptor for L. stagnalis MIPs (MIPR) [12] .
The unique cell line established from molluscs is derived from Biomphalaria glabrata, a snail that is a required intermediate host for the human parasite Schistosoma mansoni. B. glabrata embryonic (Bge) cells were established by Hansen in 1976 [13] with the objective of providing a culture system adequate for schistosome development. These cells share some features with snail hemocytes such as the emission of ¢lopodia and capacities of adherence and encapsulation. Recent studies have demonstrated their potential e¡ect on the viability and growth of the intramolluscan stages of several schistosome species [14, 15] . During recent years, e¡orts have aimed at a better knowledge of the biochemical composition of these cells in order to identify some of the molecular signals involved both in Bge cell activation and parasite development. Adhesion molecules such as selectin [16] and L-integrin-like proteins [17] have been characterized that may be implicated in the cell activation processes consecutive to sporocyst adhesion. Like many cell lines, Bge cells require addition of fetal calf serum in culture medium that is supposed to furnish growth factors essential for synthesis and division. The stimulating e¡ect of insulin demonstrated on Haliotis hemocytes [3] prompted us to consider the e¡ect of insulin on the metabolism of Bge cells. Preliminary results showed that insulin could indeed act as a positive signal on Bge cells, suggesting therefore the presence of an insulin receptor. A gene encoding a protein homologous to the members of the insulin receptor family has been characterized in B. glabrata that is expressed in Bge cells.
Materials and methods

Biological material
An albino strain of B. glabrata was maintained in the laboratory. Feet and digestive glands were dissected from juvenile ( 6 7 mm diameter) and adult ( s 15 mm diameter) snails. Bge cells (ATCC CRL 1494) were grown at 27³C in Bge medium supplemented with 10% heat-inactivated fetal calf serum (Myoclone, Gibco) and antibiotics [13] .
Metabolic labeling of Bge cells
Metabolic labeling was performed in sterile snail saline (SSS) medium [18] 32 P]ATP (3000 Ci/mmole) per well. Labeling was stopped by the addition of 100 Wl SDS 2% to each sample and boiling for 2 min. Proteins were precipitated by 5% TCA and radioactivity was measured using an LKB scintillator counter.
RNA extraction
Total RNA was extracted from digestive glands and cephalopedial tissues of snails or from Bge cell pellets using the method of Chirgwin et al. [19] and puri¢ed by centrifugation through a cesium chloride gradient. The poly(A) RNA was puri¢ed by passage of total RNA through an oligo(dT)-cellulose column (Pharmacia, Sweden).
Cloning of BgIR
Single stranded cDNA was synthesized from 1 Wg of poly(A) RNA in the presence of the SuperScript II reverse transcriptase (Gibco) and 0.5 Wg oligo(dT) for 50 min at 42³C. RT-PCR experiments were performed using degenerate primers TK1 (5P-GGNTC-NTTYGGNATGGTDTAYVARGG-3P) and TK2 (5P-ATRTCHCKDGYCATDCCRAARTCDCC-3P) complementary to conserved sequences present in the tyrosine kinase (TK) domains of IR sequences from various species. RT-PCR was carried out using the Taq Gold polymerase (Perkin Elmer) in the following conditions: 10 min at 94³C, 40 cycles (1 min at 94³C, 1 min at 50³C, 1 min at 72³C). PCR products were cloned into the pTag vector (RpD systems) and the sequence was determined. A Bge cell cDNA library was constructed from 1 Wg of poly(A) RNA using the Marathon cDNA ampli¢cation kit (Stratagene). Double stranded cDNAs were ligated to cDNA adaptors according to the manufacturer's instructions. Random ampli¢cation of cDNA ends (RACE) was performed using the AP-1 adaptor primer and gene speci¢c primers BgTK1 (sense, 5P-ACCAGATGAGGAACATCCATTTGCTACAC-CTCC-3P) and BgTK2 (antisense, 5P-CCAGCAAC-CATACAGTTCCTTGCCGCCAGG-3P) with the TaqPlus Long PCR system (Stratagene). Nested PCR reactions were performed using AP-2 and BgTK3 (sense, 5P-CATAGAGACCTGGCGGCA-AGG-3P) or BgTK4 (antisense, 5P-CAGCCACAG-GGATTTCTTCCTCAGG-3P) nested primers. Sequencing reactions were performed using the dye terminator cycle sequencing kit and analyzed on an ABI Prism 377 DNA sequencer (Perkin Elmer Biosystems). Sequence analysis was performed using the DNASTAR program. Sequence alignments were obtained by the Clustal method.
Northern blot analysis
Total RNA (30 Wg) was separated on a formaldehyde agarose gel, blotted to Hybond-N nylon charged membrane (Amersham), ¢xed by alkali treatment (NaOH 50 mM) and prehybridized at 65³C for 3 h. The probe was made from random primed (Megaprime DNA labeling system kit, Amersham) 32 P-labeled full-length BgIR cDNA. Hybridization was performed at 42³C for 18 h in 5USSC, 5UDenhardt's reagent, 0.5% SDS, 0.1 mg/ml denatured salmon sperm DNA, 50% formamide. The membrane was washed twice in 2USSC, 0.1% SDS for 10 min at room temperature, once in 0.1USSC, 0.1% SDS for 10 min at 42³C and then autoradiographed.
Production of antibodies to the catalytic domain of BgIR
The TK domain of BgIR was subcloned in the expression vector pQE30 (Qiagen) and expressed in Escherichia coli. Antisera were produced in mice immunized with the recombinant protein in the presence of complete Freund's adjuvant [20] .
Immunostaining of Bge cells
Bge cells were allowed to adhere to glass slides, then washed in diluted (1/3) phosphate-bu¡ered saline (PBS, 10 mM Na phosphate, pH 7.4, 150 mM NaCl), ¢xed with 1.7% paraformaldehyde for 10 min and permeabilized by a 4 min treatment with Triton X-100 at 0.1%. Slides were saturated for 90 min with PBS containing 1% bovine serum albumin (BSA) and normal goat serum (1:50) at room temperature. This blocking step was followed by a 2 h incubation with mouse anti-BgIR serum (diluted at 1/100 in PBS-BSA 1%). After three washings, slides were allowed to react for 90 min at room temperature with alkaline phosphatase-conjugated goat anti-mouse IgG (Sigma). Slides were stained with New Fuschin (Dako) and counterstained with hematoxylin (Fluka).
Results and discussion
E¡ect of insulin on Bge cell metabolism
Experiments presented in Fig. 1 These concentrations were comparable to those required to activate H. tuberculata hemocytes [3] . The maximal concentration (10 35 M) stimulated a moderate increase in Bge cell metabolism but more remarkably, it stimulated a rapid protein phosphoryla- 35 M insulin, we observed a two-fold increase in the level of 32 P incorporation as compared to the controls, suggesting that insulin could activate a signaling pathway through a protein kinase receptor in Bge cells. These data prompted us to search for the existence of a member of the insulin receptor family in these cells.
Isolation of a putative insulin receptor cDNA
The insulin receptor family belongs to class II of the receptor tyrosine kinase (RTK) superfamily and in mammals, includes the IR, the insulin-like growth factor receptor (IGF1R) and the insulin receptor-related receptor (IRR). IRs have been conserved throughout evolution. They comprise two K-subunits with the extracellular domain for ligand binding and two L-subunits which contain a tyrosine kinase catalytic domain which is highly conserved in vertebrates and invertebrates. On the basis of this identity, we designed degenerate oligonucleotides (TK1 and TK2, see Section 2) to conserved sequences delimiting the TK domain of human, amphioxus, nematode, insect and mollusc IR sequences. TK1 and TK2 were used as primers to amplify a 465 bp fragment from Bge cell RNA by RT-PCR, that was homologous (more than 50% identity) to the TK domains of other IR members. Further PCR experiments performed on a Marathon library of Bge cell RNA using B. glabrata speci¢c primers (BgTK1^4) allowed us to obtain a complete cDNA sequence (BgIR) of 5600 bp containing a C-terminal poly(A) tail (GenBank accession No. AF101195) and with a unique and continuous open reading frame of 1672 amino acid residues (Fig.  2) starting at the ATG codon (position nt 478^480). The encoded sequence showed signi¢cant overall homology with other IRs and displayed many of their typical structural features. Southern blot experiments performed with mollusc genomic DNA con¢rmed the B. glabrata origin of BgIR (results not shown).
Structural analysis of BgIR
Many of the typical characteristics of IRs are present in BgIR (Fig. 2) . Hydropathic analysis con¢rmed the presence of two highly hydrophobic regions in the molecule. The ¢rst region found at the N-terminus of the protein (¢rst 21 residues) could represent the hydrophobic signal peptide (SP) of the precursor [21] . The second hydrophobic region comprised residues 965^988 and is the putative transmembrane (TM) domain of the receptor [22] . This region was located downstream from a tetrabasic sequence (Q 702 , K 703 , R 704Y Q 705 ) that was therefore predicted to be the recognition site for the precursor processing enzyme. Further structural analyses were based on the alignment of the putative K-chain (residues 22^701) and L-chain (residues 702^1671) with their vertebrate and invertebrate counterparts.
The ¢rst requisite for the identi¢cation of BgIR as an insulin-related peptide receptor was to assess the conservation of its TK catalytic domain. Alignment of the di¡erent IRL chains provided evidence of the presence in BgIR of the highly conserved region corresponding to the TK domain and lying between residues 1026 and 1302 (Fig. 3) . This region contains most of the conserved amino acids expected to play an important role in protein kinase activity. Near the amino terminus of the TK domain, the consensus sequence G 1034 -X-G-X-X-G 1039 is present that is essential for ATP binding, as well as the invariant V 1041 necessary for the correct positioning of conserved glycines and their interaction with the ATP molecule. We could also note the presence of the invariant K 1063 essential for enzyme activity and directly involved in the phospho-transfer reaction [23] . The central core of the catalytic domain (from P 1135 to G 1244 ) known to be highly conserved between species, e¡ectively exhibited the greatest frequency of identical residues. This region contains several motifs that play a role in the recognition of the speci¢c amino acid and can be used to discriminate tyrosine from serine/threonine kinases. The presence in BgIR of both the consensus sequences D 1164 LAARN 1169 and P 1204 VRWMAPE 1211 that are strong indicators of a tyrosine substrate speci¢city con¢rmed the tyrosine kinase nature of the mollusc receptor [23] . The signature pattern for class II RTKs (D 1188 -V-Y-x(3)-Y-Y-R 1195 ) that includes the putative site of autophosphorylation, is also found in the TK domain [24] .
Alignment of the N-terminal part of BgIR indicated signi¢cant homology with K chains from other IR species. IRs are known to exhibit in the ¢rst half of their ectodomain a cysteine-rich region, composed of smaller domains each containing eight C residues, and surrounded by two homologous domains (L1 and L2) [25] . Fig. 2 illustrates the presence of this typical structure in the BgIR molecule, that constitutes an additional argument to consider BgIR as a member of the IR family. The L1 and L2 domains which are primarily involved in insulin binding, have been found to be conserved throughout evolution. Data in Table 1 indicate that the degree of identity of BgIR varies for both the L1 and L2 domains from 47^49% with another mollusc (L. stagnalis) to 253 7% with a nematode (Caenorhabditis elegans) receptor. Such values are comparable to those obtained from the amino acid sequence comparison of various Amino acid sequences from residues 17 to 154 (putative L1 domain) and from residues 332 to 448 (putative L2 domain) of BgIR (see Fig. 2 ) were compared independently to amino acid sequences of L. stagnalis (MIPR), Drosophila melanogaster (DIR), C. elegans (daf-2), Amphioxus (IPL-R) or human (INS-R) analogous domains (GenBank accession numbers are given in the legend to Fig. 3) . Numbers indicate the percentage of identical residues found at identical positions following alignment by the Clustal Method (Megalign, DNASTAR program). insulin and insulin-related peptides [26] and probably re£ect coevolution of receptor and ligand molecules. Sequence analysis thus indicates that BgIR exhibits all of the typical features of insulin receptors but it still remains to be determined that this receptor indeed is functioning as a receptor for insulin-related peptides.
Expression of BgIR in snail cells and tissues
Further experiments were concerned with the detection of BgIR messenger RNAs in Bge cells and mollusc tissues. Northern blot analysis (Fig. 4) con¢rmed that the BgIR sequence corresponded to the full-length cDNA molecule and indicated its transcription in Bge cells as well as in mollusc tissues. Experiments performed on B. glabrata total RNA extracted from foot or hepatopancreas showed the presence of common mRNA species in snail muscles and digestive gland, suggesting a wide distribution of BgIR in the body of juvenile and adult snails.
Immunodetection of the BgIR protein in Bge cells was performed using antibodies produced against the putative TK domain of BgIR expressed as a recombinant protein in E. coli. 
Conclusion
Signaling pathways mediated through tyrosine kinase receptors regulate metabolism, growth and development in metazoans. One of these pathways, ac- tivated by insulin or insulin-like molecules plays a central role in invertebrate organisms, a¡ecting metabolism, cell division and di¡erentiation in arthropods and molluscs and also cnidaria, one of the most ancient metazoan phyla [27] . This work describes the characterization of an insulin-like receptor of B. glabrata expressed in an embryonic cell line of this mollusc. BgIR, like other TK receptors, presents a typical tripartite structure with extracellular, transmembrane and cytoplasmic regions. One of the characteristics of IR molecules is that they are composed of two subunits encoded by a common cDNA. The precursor protein is cleaved at a tetrabasic site to generate K and L chains respectively bearing the extracellular ligand binding domain and the intracellular catalytic site. The presence of this potential site for cleavage in the BgIR sequence indicated that it could also be composed of two separate chains. The identi¢cation of conserved residue patterns con¢rmed the tyrosine kinase speci¢city of the catalytic domain.
Although the BgIR extracellular domain conserves the characteristics of an insulin binding domain, it is interesting to note that a signi¢cant divergence exists between these domains in the two freshwater snails B. glabrata and L. stagnalis, that could suggest a structural divergence of MIP molecules in di¡erent gastropod families. Five members (I, II, III, V and VII) of the MIP family have been characterized from L. stagnalis [6^10] and we are currently attempting to identify MIP molecules in B. glabrata in order to con¢rm this hypothesis. L. stagnalis is also the intermediate host for a schistosome, the avian parasite Trichobilharzia ocellata, and the marked speci¢city of the trematode parasites for their hosts indicates the importance of an adaptative molecular dialogue between speci¢c partners. For this reason, we are looking for the presence of speci¢c insulin-like peptides in Bge cells that could be potentially implicated in interaction between Bge cells and S. mansoni sporocysts in vitro. We have recently demonstrated that insulin increases the metabolic activity of S. mansoni sporocysts and characterized an insulinlike receptor in this parasite (Vicogne et al., manuscript in preparation). All these data lead us now to analyze the role of insulin-like peptides in molecular interactions between mollusc cells and sporocysts and their e¡ect on cell activation and parasite di¡er-entiation in order to evaluate the importance of insulin signaling pathways in schistosome-host relationships.
